Use of filter-paper blood spots from newborns for screening of inborn errors may include the assay of biotinidase (EC 3.5.1.12; BIO), galactose-1-phosphate uridyltransferase (EC 2.7.7.12; UT), and glucose-6-phosphate dehydrogenase (EC 1.1.1.49; G6PD). There has been anecdotal reference to heat and/or humidity denaturation of enzymes in filter-paper blood spots exposed to the elements during storage or during transit to the laboratory (1 ) , but no quantitative description of the effects. Understanding the phenomenon may lead to measures to identify denatured samples and prevent incorrect reporting of abnormal results.
We quantified filter-paper blood-spot enzyme values for all samples collected during 3 months of the year, February, July, and October, for a large region of Pennsylvania. The population means and SD for each enzyme during each month were determined, and the data were analyzed for seasonal effects.
We also performed a controlled experiment with bloodspot filter papers stored under different conditions of heat and humidity to assess their relative influence on the activities of the enzymes of interest. A blood sample (ϳ15 mL) was drawn from an adult volunteer into a heparincontaining tube and mixed by inversion; blood was then spotted on a series of Schleicher & Schuell 903 filter papers to simulate newborn collections. Approximately 40 spots were applied, with occasional tube inversions, to provide enough sample spots for serial testing, in duplicate, of a variety of environmental conditions. All samples were dried for ϳ4 h at room temperature in air. Within the next 2 h, time 0 samples were punched and then assayed for BIO, UT, and G6PD activity. Filter papers were then stored for 3 days under various conditions of temperature, humidity, and exposure to air. The 4 temperature conditions used were as follows: freezing (Ϫ20°C), refrigeration (4°C), room temperature (21°C), and 35°C. Humidity conditions tested were ambient humidity (ϳ30%) and high humidity (samples stored in containers with moisture present).
All 3 Astoria-Pacific SPOTCHECK procedures used were modified from previous methods (2) (3) (4) . For each assay, a 0.32-cm (1/8-inch) punch from each newborn blood spot on Schleicher & Schuell 903 filter paper was placed in a microtiter well, as were appropriate controls. Spots were eluted according to the manufacturer's instructions. The Astoria Pacific continuous flow system was used for each enzyme, and manufacturer specifications were followed. Results for BIO are expressed as enzyme response units (ERU), where 1 ERU ϭ 1 mol/dL p-aminobenzoic acid produced over the course of 90 min from the biotin-p-aminobenzoic acid substrate. For UT and G6PD, the measured end product was NADPH fluorescence, which was compared with diluted NADH calibrators, and for both, results are expressed in mol/L NADH.
The changes in mean enzyme activities and percentage changes from the February data for BIO, UT, and G6PD for all results on samples received in February, October, and July are shown in Table 1 . The means for all 3 enzymes were highest in February, intermediate in October, and lowest in July. The percentage change from February to July was largest for G6PD (Ϫ38%) and smallest for UT (Ϫ23%). All changes except for the mean UT values from February to October were statistically significant (P ϭ 0.005). The population mean data summarized in Table 1 show that for the 3 enzymes evaluated, there are seasonal differences in activities, with the lowest means for all 3 enzymes occurring in summer. There is no documentation of seasonal biological variation for any of these enzymes; therefore, the observed differences are likely attributable to denaturation in summer.
The results for the single-sample in-house controlledenvironment study evaluating the effects of continuous exposure of filter-paper blood spots to different conditions of heat and humidity are shown in Fig. 1 . We measured the enzyme activities for BIO (Fig. 1A) , UT (Fig.  1B) , and G6PD (Fig. 1C) on day 0, then for 3 consecutive days after continuous exposure to various conditions of temperature and humidity. The day 0 point for each graph represents the mean of 4 data points. All other data points are mean values of duplicate determinations and are expressed as percentage change from the day 0 value. Refrigerated and frozen samples for all 3 enzymes had the least degradation (data not shown), with no data point for any of the 3 enzymes on any day having an activity loss Ͼ16%. For all samples under all other conditions, the largest decrease in enzyme activities occurred on day 1, followed by relatively minor changes. For samples stored at room temperature, degradation was 7%-18% for BIO and 18%-30% for UT and G6PD. Samples kept at 35°C or at room temperature under high humidity showed progressive losses of activity by day 3 of Ͼ60% for UT and G6PD, but only 30%-50% for BIO. For all 3 enzymes, the greatest loss in activity occurred in samples stored at 35°C under conditions of high humidity, with BIO activity lower by 60% on day 1 and residual activity only 10% of the initial value by day 3. For UT, and particularly for a Percentage changes are relative to the February activity mean for each enzyme.
Fig. 1. Effect of storage under various conditions on BIO (A), UT (B)
, and G6PD (C) activity in filter-paper blood spots.
Activity is shown relative to activity on day 0 (100%). Storage conditions: ࡗ, room temperature; ■, room temperature plus high humidity; OE, 35°C at ambient humidity; F, 35°C plus high humidity.
Clinical Chemistry 51, No. 6, 2005 G6PD, enzymatic activity was severely diminished on day 1 with an almost complete loss of activity by day 3. As evident from the graphs in Fig. 1 , the rate of denaturation is dependent on temperature and humidity. The combined effect of 35°C and high humidity for 3 days caused a Ͼ70% decrease in all enzyme activities. In all situations, BIO appears to be the least denatured of the 3 enzymes. Exposure of actual samples in transit to high heat and humidity continuously for 3 days is unlikely, but in most areas of the United States, samples awaiting pickup from an outside mail deposit box could well be exposed to high heat and humidity conditions for several hours on a July afternoon, and perhaps for 2 afternoons over a weekend. Obviously, different climates will produce varying but predictable effects because of local seasonal weather variations.
Awareness that all of the enzymes are denatured to some extent led us to establish cutoffs for each enzyme below which heat denaturation might be a factor: For BIO, we used the cutoff of 28 ERU; for UT, 125 mol/L, and for G6PD, 100 mol/L. Thus, if a sample has a BIO value of 13 ERU (reference interval, 28 -90 ERU), a UT value of 104 mol/L (reference interval, 155-389 mol/L), and a G6PD value of 58 mol/L (reference interval, 90 -350 mol/L), then there is a high degree of suspicion that the sample was heat denatured in transit.
In practice, reviewing data for heat denaturation of samples is more useful for BIO than for G6PD or UT. Because G6PD is the most sensitive indicator, there is a "canary effect", i.e., G6PD is a good indicator of heat denaturation of the other enzymes, but not vice versa. In summer, however, we detect ϳ15 samples per month with G6PD below the critical activity cutoff of 25 mol/L in which BIO and UT values are Ͻ28 ERU and 125 mol/L, respectively. These results are not reported as "positive" but rather as "unacceptable due to possible heat denaturation", and a repeat is requested. For UT, we almost never see an activity value Ͻ40 mol/L, even in summer, except in true galactosemia; therefore, evaluation for heat denaturation is rarely an issue.
The critical cutoff value for BIO (16 ERU for partial deficiency) is close to the lower 2 SD limit of the reference interval (28 -90 ERU). As a result, heat-denatured samples often have values below the cutoff. During the winter, we find fewer than 7 samples per month with a biotinidase activity Յ16 ERU (true values Ͼ8 but Ͻ16 ERU are reported as inconclusive, and a repeat is requested). In summer, we see 40 -50 samples per month with BIO values in the inconclusive range. In a limited review of DNA mutations in a random selection of 18 heat-denatured cases, 4 had wild-type DNA, 4 had 2 copies of D444H, 5 had 1 copy of D444H, and 5 had 1 copy of complete deficiency mutations (data not shown). In winter, these samples would likely have BIO activities of 17-27 ERU. Thus, many heat-denatured samples in summer are clinically benign partial BIO deficiencies, which because of a small activity loss fall into the inconclusive range and could be misidentified as clinically significant. The BIO result in these cases is reported as "unacceptable due to possible heat denaturation", and a repeat is requested.
Without review of all enzyme results, these samples would have been reported as inconclusive with a request for a repeat. The possible implication of an inconclusive result may cause some anxiety for the parents of newborns. The more correct report, that the sample was compromised and tests should be repeated, is less alarming. Frequent receipt of heat-denatured samples from 1 location may also suggest that sample handling procedures need to be examined. The National Health and Nutrition Examination Survey (NHANES) laboratory at CDC has used a modification of methods (1, 2 ) with electrochemical detection for measurement of serum vitamin C for the past 9 years. The assay is relatively rapid, easy to perform, and gives good precision. Quality-control (QC) materials have been kept at Ϫ70°C for more than 10 years without substantial degradation. A drawback of the method is the lack of an internal standard to correct for analyte degradation, procedural errors, and detector drift. Significant vitamin C degradation is intermittently encountered during the analytical process. Oxidation of ascorbic acid (AA) is accelerated by exposure to air, heat, light, and traces of copper and iron (3 ) and may be introduced through contact with unexpected sources, such as consumable supplies (4 ) . Detector drift is a characteristic of electrochemical detection and has been noted by others performing the serum AA assay (5 ).
Improved HPLC Assay for Measuring Serum Vitamin
Our original HPLC assay used partition of largely un-ionized AA and amperometric detection. A 25-cm C 18
